We point out that the existing experimental data of most manganese oxides show the frustrated p-wave superconducting condensation in the ferromagnetic phase in the sense that the superconducting coherence is not long enough to cover the whole system. The superconducting state is similar to the A 1 state in superfluid He-3. The sharp drop of resistivity, the steep jump of specific heat, and the gap opening in tunneling are well understood in terms of the p-wave pairing. In addition, colossal magnetoresistance (CMR) is naturally explained by the superconducting fluctuations with increasing magnetic fields. The finite resistivity may be due to some magnetic inhomogeneities.
INTRODUCTION
Recently, much attention has been paid to the manganese oxides since the observation of colossal magnetoresistance (CMR).
1−4 The nearly half-metallic nature of ferromagnetic phase was also reported. 5−8 In addition, the layered manganite was found. 9 These systems are strongly correlated and show antiferromagnetic-ferromagnetic transition and metal-insulator transition simultaneously. These phenomena were explained by the double exchange mechanism. 10−12 However, there is still no consensus as to the theoretical understanding because of the strong interaction between spin, charge, and lattice degrees of freedom.
13,14
In this letter, we propose a frustrated p-wave superconducting state for the ferromagnetic phase of manganese oxides. In fact, the existing experimental data seem to manifest the p-wave superconducting condensation. In this scenario, colossal magnetoresistance (CMR)
is naturally explained by the superconducting fluctuations with increasing magnetic fields.
The superconducting state is similar to the well-known A 1 state which is realized in the superfluid He-3. 15 Only majority spin up electrons are paired. Because of a strong Hund coupling between the e g conduction electrons and S = 3/2 core spins formed by the t 2g electrons, the ferromagnetism appears and the conduction electrons are highly spin-polarized in the ground state. If the majority spin up electrons are paired by the currently unknown mechanism, the energy of the ground state will be even lower. Presumably, both the electronphonon interaction and the magnetic interaction contribute significantly. The gap parameter is very anisotropic and has point nodes at the points of intersection of the Fermi surface with the spontaneous anisotropy axis. Whereas the minority spin electrons may be localized.
5,12
But depending on the doping level, there are some minority spin electrons in the extended t 2g ↓ band. Hence they are also paired. The resulting p-wave superconducting state will be similar to the ABM state.
16
The apparent finite resistivity may be caused by the frustrated p-wave pairing condensation, since the domain wall structures of the ferromagnetic phase and the existence of the localized minority spin electrons limit the superconducting coherence seriously. The possible existence of the canted phase 12 and the electronic phase separation 17 will also give rise to the finite resistivity. A similar finite resistivity was found in very narrow superconducting metal wires where the superconducting condensation is also frustrated.
18
In Section 2 we critically reinvestigate the existing experimental data of resistivity, specific heat, and tunneling. Other data will be considered elsewhere. Because the superconducting behaviors are mostly screened to some extent, we need to analyze the existing data with caution. The possible p-wave superconducting states are described in Section 3. In Section 4 we discuss how to make good room temperature superconductors for practical applications.
REINVESTIGATION OF EXPERIMENTAL DATA
It is amazing that the p-wave superconducting condensation in manganese oxides was unnoticed until now even though there are so many experimental manifestations of the existence of the p-wave pairing. 1−4,6,7,9,19−24 It is crucial to notice that the apparent finite resistivity is caused by some extrinsic reasons not by the intrinsic reasons. The possible causes of the nonzero resistivity are the following:
(1). If the ferromagnetic phase forms the domain wall structures, the p-wave superconducting phase coherence is established in each domain and the anisotropic superconducting domains are coupled by the Josephson coupling. Then, this leads to the strong cancellation of the supercurrents as well as the finite resistivity.
(2). The minority spin electrons coming from the both Mn 3d and O 2p orbitals may hinder the supercurrents and give rise to the finite resistivity. 
15
More conclusive proof of the p-wave pairing in manganese oxides is the steep jump of the specific heat and the gap opening in tunneling.
6,21−24
Resistivity and CMR
In this Section we consider the resistivity data. 19, 20 Almost all data show the abrupt decrease of the resistivity by several orders when the temperature is decreasing from the transition temperature T c . But it appears that the T = 0 resistivity does not vanish and is ∼ 10µΩcm for good samples. The main obstacle to the realization of the superconductivity in manganese oxides is the apparent finite resistivity. Considering the possibility of frustrated p-wave pairing, the crucial point is not the finite value of the resistivity but the abrupt drop of the resistivity as a function of the temperature. Notice the similarity between the finite resistivity of very narrow superconducting metal wires and that of manganese oxides.
18
People think that if superconducting and normal electrons are coexisting, the resistivity will be zero because of the short-circuiting behavior of the superconducting electrons. However, in this case the superconducting coherence may be seriously limited by the domain wall structures, the effect of the minority spin electrons, and some magnetic inhomogeneities. . 20 It appears that these data also indicate the p-wave superconducting condensation.
Specific Heat
The second evidence for the p-wave pairing in manganese oxides is found in the electronic specific heat measurements. 21, 22 The observed steep jump of the electronic specific heat means the second order phase transition of the electronic state. But the T 3 law near T = 0
was not confirmed clearly. The reason is certainly related with the apparent finite resistivity.
It appears that the frustrated p-wave superconducting electrons and normal electrons are coexisting. Note that the minority spin electrons and holes caused by divalent ion doping also contribute to the specific heat near T = 0. . 22 Again we find a steep jump of the specific heat. Since both the electronic and magnetic transitions occur at the same time, the specific heat change also includes the magnetic contribution. Note that the shape of the specific heat change should be symmetric with respect to T c if only the magnetic transition had occurred.
Tunneling
The final evidence for the p-wave pairing superconducting state is provided by the tunneling data. 6, 23, 24 The quasiparticle density of states (DOS) for the ABM or A 1 state is parabolic at low energies. It also shows divergences as the energy is approached to the maximum gap energy ∆ o both from below or above. The theoretical DOS will be shown in Fig. 3 (a) .
FRUSTRATED P-WAVE SUPERCONDUCTING STATE
Now we discuss the theoretical model for the p-wave superconducting state which may be realized in manganese oxides. Since the double exchange model and the related strong interaction between spin, charge, and lattice degrees of freedom are not solvable yet, our discussion is rather qualitative. We don't discuss the mechanism of the p-wave pairing either.
Presumably, the strong electron-phonon interaction and the ferromagnetic interaction lead to the p-wave superconducting condensation in manganese oxides. Nevertheless we can explain the experimental data of the specific heat and the quasiparticle density of states (DOS) in terms of the A 1 state or the ABM state, because they are determined entirely by the topology of the zero gap. In this case even the crystal structure does not play an important role. On the other hand, if the mobile minority spin electrons exist for some doping concentrations, 5,7 the ABM state may be more appropriate.
Frustration
The frustration may be caused by the domain wall structures of the ferromagnetic phase and the coexisting minority spin electrons. canted by the spins of the minority electrons. 25 Then the quasiparticles near the nodes will be excited and lead to the finite resistivity. On the other hand, superconductivity is also possible in the canted phase. 25 However, the condensation energy will be much smaller than that of the ferromagnetic case and the quasiparticles are easily excited by any perturbation.
Recently, Allodi et al. 17 reported the possibility of intrinsic phase separation of the holes into FM microdomains. This may also lead to the frustrations and the finite resistivity.
A 1 State and ABM State
In the ferromagnetic phase the majority spin electrons are free to move, whereas minority spin electrons may be localized. Therefore, only majority (up) spin electrons are paired since the pairing interaction for the localized electrons will be exponentially small. 26, 27 The resulting p-wave superconducting wavefunction is given,
where the product over k is restricted to a half-space and a † k↑ creates a majority spin electron at the e g conduction band. Because of the Fermi statistics, we have
The gap parameter for the A 1 state is given by
where θ k and φ k are the polar and azimuthal angles of k. Notice that the gap vanishes at two points alongk z =l with l denoting the angular momentum. In the presence of the mobile minority spin electrons, the gap parameter of the ABM state is given by
where ∆ ′ o is not always the same as ∆ o .
Since the specific heat and the density of states for the A 1 state and the ABM state show the qualitatively same behaviors, we consider those of the ABM state with ∆ ′ o = ∆ o . The single-particle excitation energy is given by
Accordingly, the specific heat is found to be
where S denotes the entropy. In the low temperature limit, one finds
where γ = C n /T . C n is the normal specific heat. The specific heat jump for the ABM state is given by
(For the A 1 state the jump is 0.74.
15 ) The normalized single-particle density of states (DOS),
where N o is the normal DOS. The N(E) is parabolic, that is, (2) and (3), the agreements between our theoretical curves and experimental data are excellent. It is reasonable to conclude that the p-wave pairing superconducting condensation is realized in manganese oxides. However, the superconducting behaviors are almost screened by domain wall structures, the existence of the localized minority spin electrons, the canted phase, and the coexistence of the FM and AF microdomains. and D 4 (E) phases are eight-fold and six-fold degenerate, respectively. These superconducting states resemble the A phase of He-3. On the other hand, manganese oxides seems to be coverted to a rhombohedral structure with the Jahn-Teller effect.
obtain proper A 1 -like and ABM-like p-wave pairing superconducting states which may be realized in manganese oxides. More details will be reported elsewhere.
DISCUSSION
More studies are required to check whether the frustrated p-wave pairing superconducting condensation is really realized in manganese oxides. When analyzing the experimental data, it is important to take into account the screening effect caused by domain wall structures, minority spin electrons, and other magnetic inhomogeneities. The magnetic properties of manganese oxides need to be reinvestigated. In particular, NMR experiments probing the spin dynamics may provide the specific information on the structure of the p-wave superconducting state. The collective modes such as sound modes and spin-wave modes may also give a clue to the existence of the p-wave pairing. The effects of magnetic fields are particularly interesting, since they give rise to CMR and metal-insulator transition in some samples.
35
The spin-polarized tunneling experiment 6 should be done up to higher bias voltages to find the gap opening.
Let us discuss how we can make good room temperature superconductors. It depends on how we eliminate the frustrations and make a good single crystal with one single magnetic domain and 100 % spin polarization near the Fermi level. It is also desirable for the minority spin electrons to have a large insulating gap which results in the complete disappearance of the minority spin DOS near the Fermi surface. In other words, we need a perfect half-metallic ferromagnet. The local spin distortions caused by any possible bound or self-trapped states of the carriers should be eliminated since they give rise to the canting of the Cooper pair spins and limit the superconducting coherence seriously. If we overcome the above problems, it is highly likely that we can make almost room temperature superconducting manganese oxides which have the zero temperature resistivity smaller than that of the good Cu samples by a factor of more than a thousand.
CONCLUSION
We have proposed the frustrated p-wave pairing superconducting state to explain CMR, the sharp drop of resistivity, the steep jump of specific heat, and the gap opening in tunneling of manganese oxides. The p-wave pairing state is similar to the A 1 state in superfluid He-3. The apparent finite resistivity may be caused by the domain wall structures of the ferromagnetic phase, the coexisting minority spin electrons, the canted phase, and the possible existence of the FM and AF microdomains. If we eliminate the above problems, the resistivity of manganese oxides will be smaller than that of good Cu samples by a factor of more than a thousand. This study opens up the possibility of room temperature superconductivity. 
